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THE DEVELOPMENT OF SOLIPH—

A DETAILED COMPUTER MODEL OF SOLAR INDUSTRIAL
PROCESS HEAT SYSTEMS
Charles F. Kutscher

Solar Energy Research Institute

Golden, Colo. 80401
ABSTRACT hg saturated steam enthalpy (J/kg)
. et e £ =
In our effort to generate design tools for solar hO callector opcical efficlancy (J/kg)
thermal applications to industrial process heat, we . il
racognized the naeed to develop a detailed compucer L Lrradfaace (W/a%)
model which could simulate hot water and steam svstems 2 {neid _ 1 difi
(unfired boiler and flash cank).Developing our program T acideat-angle modilier
resulted in a model suited to our specific needs and D .
led to a bettar understanding of the algorithms used L/ total equivalent pipe
and assumptions made. SOLIPE (for SOlar Industrial N s -
Brocess deat) is 1 quasi-steady-state, hour-bv-hour eollector wass (%g)
aodel. Toe each tour of the year, climatological daca . . .. Y
ira read from a TMY (Tvpical Meteorological Tear) t eallector aass flow rate value (kz/s)
Wweather tape. OQutputs are supplied on an hourly, . . . .
dally, and monthly basis with a cumulative summarv for - ioad aass flow race (kg/3)
the vear. .
yea . ‘- g/
Before making thousands of SOLIPH runs to generate HCP thermal capacitance (W/X)
design tools, SOLIFH was verified agaianst other coa- 3 ¢ . c
puter nodels. In =id~-1980 the SSEA working group of “a @ass  flow '.aFe of hot fluid ia heat
ASME proposed an IPY system sample problem to allow ) exchaager (kg/s)
comparison of various codes. Results from TRNSYS and st 1oss tank loss
DOE-2 (C3S) agreed well. We modeled the same svstem ’
with SOLIPH  and the results showed excellent téoll anergy rate of collaetor (W)
dzraement.
NOMENCLATURE bdel energy deliverad to the load (W)
” o) tank energy iacrease (W)
A irea (m“) tne
o k heat loss rate (W)
An collaczor area (a“) Uoss .
~ T camperacure (X)
~ Ty 3 : -
© fheac capacitance flow rate (¥/X) T average fluid temperaturz (X)
C. heat capacitance flow rate of cold fluid ramb ambient tamperacture (K)
(3/K)
T, storage taank temperature at the
Cy minigum Y“eat capacitance of hot €luid beginning of time stap (X)
(W/K) T, storage temperature {K)
Caia alnimum heat capacitance flow raca (W/X) Ty return tamperatura to cthe collectors (X)
<y specific heac (J/kg-X) o steady-state solution for temperaturs
) fac £t = = 1(X)
2o specific heat of collector (J/kg-K)
: c zime (s)
Sou specific heat of watar (J/kg-X)
Tlafs zime laft aftsr hoiling
p) pipe diametar (m) -
t' zime scep (3)
: frtccion factor N
3 thermal zonductanca (¥/a°-%)
Tl produce 1€ collactor heat g=moval Iactor
and loss coeffficient (W/7~-X) C, heat  lass cweffiziear of aesllactors
- (7/a=-%;
Tala oroducz o€ collaczor Theat Tamoval
faccar, affaczive ransmissivity of X discance {(m)
glaziag(s), and effactive albsorptiviiy
of absorber S input 2ffectcivensess
1 head (2a)}

0

collecior tige ooasgant {(s)



INT20DUCTION

Rezently SZRI published a desiza handbook fac
solar i{adustrial process heating systems (1}, which fs
described in anocther japar by the author =lsewhera ia
these proceedings (2). One purpose of the handbook
was to provide designers with simple graphs for
deterninlag anergy collection for several eanllector
types for both hot water aad steam systems. In order
o accomplish this, it was first necessary to locate
or develop a computer program that could be used to
generate the needed data.

A aumber of avallable simulation codes were
studied and TRNSYS (Uaniversity of Wisconsin) and
SOLTES (Sandia Natlonal Laboratocies) surfaced as the
two best candidates. Furcher {aspection of TRNSYS,
however, indicated that aew subroutines would need to
be writtean to handle steam systems (both flash-tank
and unfirad-bHoilar). SOLTES was set up to handle an
unfired hoilar, but attempts by two separate
programmers over a two-monch seriod to run SOLTIS at
SERI failad to produce satisfactory results (perhaps
due to the large degree of soohistication and
versatilicy {atended for the 30LIIS code).

Since the aumecical  methods aeeded to z0del :the
systans we ware studying appeared relatively
scraightforward, we decided to develop our owa code.
An advaatage of doing this {s that we would be keenly
aware of any assumptions made 1in the analysis and
would have a thorough underscanding of the model. In
ovder to quickly obtain a model that was simple to
understand and wmodify and inexpensive to runm, we
iecided aot to develop a highly flexible user—orieated
code lika the others mentioned. The {atent was simply
to develop an accurate and useful tool for generating
the energy prediction graphs.

3afore actually writiag the code, we desizned a
Zlow chart of the first computar model (called SOLIPH
far Solar Industrial Process Heat) containing Slat-
plata collectors, piping, heat exchanger, and storage
{see Fig. 1). Once the detailed flow charts were
studied hy task nenmbers, the code was writtean 1ia
Toczraa LV ind keypunched for use oa SERI's CDC 7600
compucar.

This paper describes the algorithms usad by SOLIPYH
aad the neans used to verify SOLIPH results. [Another
paper ia these proceedings by R. Gee describes the
anargy pradiction design tools developed from SOLIPH
tans (3)]. Many of the SOLIPH algorithms ars similar
to those used by other codes, but others, such as the
determination of overnight collector losses and the
uafized-boiler and flash-tank models, are unique to
SOLIPY. The discussion hereia follows a description
2f the SOLIPH computer program contained {ia an
appendix of the SERI IPH handbook.

Like other solar simulacion codes (e.g., TRNSYS,
30LTIS, etc.), SOLIPY is a quasi-steady-state, hour-

by~hour zodel. For each hour of the vear,
tlinatoiogical data {time, direct naorwmal insolatioa,
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Fig. 1 A Simple SOLIPH Configuracioa
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total torizontal iamsolacinn, and amblent tamparatuyra)
Aat2 cead {rom 2 MY (Tvoical Matascolsziial Tear
weachar Zane, availasle Zac 25 di £  weacher
stations. The executive =oucize - 1l che systan
and climatologiczl input data and then calls various
subroutines {collector, nipe, %2eat exchaager, storage,
ate.) 1round closed pipiag loops. A T
temperature 13 chosen for =2ach pize loop (the
collector array ianlaet temperature in the collector
loop), and energy balances are performed on each
component. The program cycles through each loop as
many times as necessary uatil the temperature
distribucion 1Is essenrially unchanged from the
previous iteration (to within a specified temperaturs
convergence critarion). Zach hour, new climatological
and load {nputs are used, and the program arrives at a
new steady-state solution, until the eatire year has
been aodeled.

Figure 1 snows the crizinal SOLIPY wmodel. The
starting point for this configuration {s the {inlet
collector temperatura. The axecutive rvoutine calls
the collector subroutine, SOLCOL, which, %ased on
i1put collectisr parameters and =limatslogical daca,
supplias a collector array oazlet tamparatura. This
i5 1sed as the inlet zamperacura Joc 2ipe L. The pipe
subroutine, PLPE, {s called and, based on iaput pise
{asulacion and ambient temperature, supplias an outlac
temperacture. The outlat temperature is used as the
hot-side inlet temperature to the heat =2xchanger. The
nheat exchanger routine, HX, uses fnput affecziveness
and the hot and cold inlet temperatures to compute the
two outlet tamperatures. The hot outlet taemperature
is then used as input for pipe 2. The PIPE subroutine
is again called, and {ts ouclat value ra2places tha
inlet collector temperature we startad wich. If these
two temperatures are not sufficiently cloge, the looo
aust be repeated.

Firsc, however, the second loop is computed. The
cold~side outlet temperature of the heat exchanger is
used as f{nput €for pipe 3. The outlet froam PIPE is
used as the ({nlet storage temperature. The LOADS
subroutine is callad %o detarmine the load at that
aour and &to allow a coaplete energy ovalanze on the
storage tauxk, and then STORE is caliled to detecmine a
new storage tank temperacura. This temperature is
used as the Input for opipe 4, and the output
tegperature from PIPE {5 coampared with the fnlet zoli~
side heat=-exchanger temperature orizinally assumed,
thus completing the secoad loopn. If eithar loop has
10t coaverged within the specified tolerance, both are
reitarated.

To make the code as w2asy to understand as
possible, =energy <calculatioas are done 1in the
subroutines whera they are a0stc appropriate rather
than at the end of the executive rouzize. S0, for
2xample, pipe enerzy loss is calculated ia cthe PIPT
subroutine, scorage loss {n S5TORE, acc. Since onlv
temperiture values are aeeded Ior ioop i:2ration,
calculating all enerzgy values duriag =ach zycle woulid
waste computar time. SOUIPY is sec up :o do :hese
calculacions only on the lastc !‘:aration.

Output t2mperatures and enerzy ralues ara suppliad
on nourly, daily, and aontaly bYases with an sanual
cunulacive summarw. Znerzgy colleccad v zha arTav.
enerzy delivared £o the load, and suapiazg 2n2rzy 1re

auLouLs. Inerzy 1osses are given saparacalry  foc
2iniag 2ad starage and ar2 also Hroken dswn icesrdinag
to whether they ars ooeracinnal [iuriag collaetoc pund

operation) or zonoperzcloaal losses. Colleccor irra
afiiciencies 2Tz given calactiva =0 useful energy ia
2he Jlane o z o1 A

“ocizongal 2
1§ the raci

oV

DO
»Ji-;ldil“}
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Table 1 Sample Mounthly Summary Cutpat

19 130.36 72.15 56.65 53.83 15.61

29.0 10.61 0.173  1.009 3.124 18.7

Jav irad I3N IAVAIL IAPER QCOLL ITA(LY ETA(D) QDEL JLOSS  NOLOSS SLOSS  STA(2) 22aAR%
‘ {(GJ (GJ) (GJ) (GJ) (¢S] (&) (€3] (GJ) (GJ) (GJ) (SJ) ) (G
1 16.0% 15.97 20.18 19.38 Q.00 . 2.9 9.936 0.000  0.2383 2.7%0 <3 0.0
2 20.50 24.84 289.38 28.589 5.33 25. 18.6 0.00 0.093  0.518 2.386 2.0 0.27
3 23.352 36.29 35.30 34.00 6.97 29. 20.5 4.05 0.103  0.541 2.604 11.4 .27
4 25.44 46.97 41.68 40.52 12.15 47. 30.0 5.52 0.137 1.627 2.569 5.7  0.37
5 32.45 74.89 58.58 55.78 17.52 54. 31.4 11.94 0.166 0.864  2.913 20.4 0.37
3 32.66 69.16 56.83 54.57 17.1% 52. 1.4 12.95 0.165 0.839 2.933 2.3 0.37
7 29.67 60.35 50.57 48.36 14.87 50. 30.6 11.61 0.147  0.803 2.685 23.0 0.37
8 32.51 69.76 56.97 54.35 16.20 49. 29.7 12.06 0171 1.054 3.034 2L.1 .

9 29.18 54.53 48.85 47.94 12.5%6 2. 25.9 9.40 0.171 1.033  3.083 19.2 .
10 17.98 20.80 24.64 24.25 4.01 22. 158.5 Q.00 0.060 0.389 2.725 0.0 .
93 10.74 7.47 12.54 11.88 0.00 . 0.0 Q.00 0.000 Q.505  2.948 Q0.0 .
2 28.63 52.03 46.82 45.28 12.25 . 27.0 5.06 0.162 1.608 2.979 10.8 .
13 26.32 43.74 42,21 41.30 8.98 . 2.7 5.66 0.148 0.738 3.096 13.4% .

14 31.17 65.71 54,46 52.18 14.59 . 28.0 8.52 0.172 1.029 3.066 15.6 .
15 23.90 44,14 39.56 38.29 8.32 . 23.0 6.63 0.121 0.746  3.070 16.8 .
16 29.62 56.41 53.37 51.65 14.38 27.3 8.15 0.177  1.319 3.058 15.2 .
17 30.25 43.29 45.83 44,66 9.39 1.0 5.85 0.171 1.218  3.200 12.8 .
i3 19.37 66.34 53.70 51.33 14.24 27.7 8.2 0.173 1.287 3.133 15.4 B

2 31.00 72.73 56.98 54.12 16.12
21 30.94 70.22 56.02 53.39 15.78
22 30.39 65.98 34,11 51.76 14.37

“ e 4 & o e o

CWWOOWUOROODODPIUOCLRLINULUROWWRFULO B WO

R N R R R N VO ey )
FUVMOVWITOUVFWONFEFNONFARITLWNOIWNNWONS YV O

29.8 11.50 0.170  1.042  3.075 20.2
29.6 11.54 0.169 1.048 3.068 20.%
27.3 10.43 0.171 1.078  3.113 19.4

‘
NLWLLUOLNLWLWLWWLWWLLURNWLLO ~ WW
SN SO N NS S SN NN NN N NN NNNO o~

COO0O0OUOOVLLOLOLVLOLVLOOLULOOLLODLOOOO

23 30.72 53.99 55.35 52.82 15.29 . 29.0 10.53 0..70 0.985 3.076 19.0 .
25 31.37 72.75 57.39 54472 16.63 B 30.% 11.32 0.170 1.043 3,079 20.6 .
23 24,32 54.36 40.74 39.41 10.31 . 26.2 8.36 0.117  1.005 2.958 20.5 .
23 28.08 50.26 46.09 4807 12.86 B 28.7 3.15 0.138  1.049  2.349 17.7 .
27 12,45 5.08 13.08 12.41 0.00 . 0.0 0.00 0.000 0.382 3.048 0.0 .
13 30.51 72.40 56432 53.52 14.04 46. 25.2 5.33 0.133 1.064 3.29% 11.2 .
29 29.36 66.30 52.93 50441 11.57 39. 23.0 6.36 0.186 1.137 3.411 12.4 .
30 30.33 73.21 56.59 53.72 14.03 45. 25.1 8.81 0.186 1.099 3.148 15.6 .
31 23.18 34.25 34.25 32.78 3.38 L4, 10.3 0.00 0.096 0.751 3.178 Q0.0 .
5> 835.3 1833.7 1407.7 1352.4% 349.3 41.8 25.8 222.3 4.26 29.31  93.1l4 16.0 9.37
==m———
arry = Total daily hovrizoacal irradiation ctimes collector array aperzuce area (GJ).

3N = Daily direct normal Lrradiation tizes collactor aperturs area (GJ).
{AVAIL = Daily usable i{rradiatioa im collector plane times collector aperzure area (GJ).

14288

2TA(Y) Collector array efficieacy—COLL/ITH.
ZTA(3) = Collactor array efficiancy-——QCOLL/IAVAIL.

= Daily irradiacion {n collactor plane times collector aparture area (GJ).
3COLL = Daily 2nergy collacted by collactor array (GJ).

CDEL = Daily collacted energy delivered to the load (GJ).
JLOSS = Taily operational thermal system losses (during pump operatiom) {(GJ).
NOLJISS = Daily nonoperacional system thermal losses (during pump shutdown) (GJI).

SLOSS = Zaily thermal losses from scorage taank (GJ).
ITA(I) = System thermal efficiancy—QDEL/IAVAILL.
ZPAR = Daily parasitic (pumping) energy (GJ).

aXom:’:xly total or average.

Jeforz we describe the various subroutines, we
aust poiat out 4gain thac SOLIPH is aot a highly user-
arienced =ode like TRNSYS or SOLTES. To change the
system confizuration, the user does 20t change fuput
daca as he or she would for one of the other codes.
Racher, the user changes the FTortran programming
stataments ia the executive program. Thus, a
CALL STORE aight be replaced by a CALL HX. Although
this i3 20t an elegant approach, it is not complex and
rasults in shorter rua times. The following section
describes the basic algorvithms used {a each SOLIPH
suproutiaa.

THE SOLIPS SUBROUTINES

Subroutine SOLCOL

Tais subroucine a0dals a scacionary  3olar
2aileccor arrazv.  Diracc 10ormal and cotal aosrizoncal
radiacion and ambisat :tamverature fram the weather
tane ire used. Valuas of ‘:‘Km, ?_,\:.'V incident~-angle
aodiiiar zoefiicients, and the collactor cime conscant
ara ZIaput, 4s wa2ll as collector =zilt, azimuth, and

ground=zovar raclio.
Tirsz, insniatisn In the collector slane i3
caleulatad 9LIFE vises this (a the Isllowing steps:

e calculates hour—angl2 and declination {a day-oi-
the—-vear funccion is used to detarmine
declination),

e calculates incident angle and coaverts normal “eam
radiation to collector plane,

e calculates diffuse radiacion {a horizoatal plane,

o coaverts diffuse radiation to collsctor =zlan
(including ground and sky terms), aad

]

¢ adds direcc, diffusa, and raflected Seam radiacicn
ia plane.

Vow, it aust “e deteramined whether :the collzczar
puap 15 on. If the pump has hHeen ovperated, cliis
decariinacion is hased on  the diifarance Secwaan
pravious collectnr ouclec temperature and scovage. IS
the pump i3 n0C oa, 3s ia 2arly mocning, a4 stagnacioa
temperature i3 calculaced as follows:

-
IS

Jitare o i3 the optical aifficiency. The stagnation



apevature is compared to the storage tank
mparature, and if {t is sufficiencly "igher, the
ounap {3 curned da.  Savaral 33 provide a dead-»and
taaperaturd ranga that allows for i1 zypical AT /A-
zontrol scheme. 17 the »ump is on, eollecmr aff
csiz2ney 1s calculated 3rom zhe Hotzal-Whilliar=~ Sliss
2quation ({acidant-angle corraczed) and multiplied by
tnsolacion and collector area to yield eaarzy
collected. Collector outlet temperature 1s then

[

u

;n

.ocoll
Toue ® Tig + —= . (2)

Mcp
If the pump Is off, cool-down loss from the
collaceers i3 dectermined. for collector aass M,

specific heat ¢ o and loss coefficient U, we solve a

time—dapendeant, first-order ordinary differencial
aquation:
- 4T L

3.0.2.: pc T = =Urac(T - Tamp) * Leold
1.0.: T|eag = T4
_ - ..,1
S0 Lile ! T = Tias + ——‘-(T‘_-D—

CLig

Q':z"‘aI )
1T = Tamp T e "GP .
L
&)]

GrAol/Up 1n the differencial equation accouats for
stagnation heating. The MC value for the collectors
is found £from the collector time constant t©. as

¢
detarained by ASHRAE 93-77 and input as
- .‘k:.JC
TR (%)
2Me,
Yoo = 23Ny (5)

whare 1 s the aollestor mass Zlow-rate value used in
the AS{RAE =asc. Once the array f'e:ngefa:ure is

alculaced, ener3zy loss is determined as epe times the
dL'gerence batween chat Camperature and the one for
the previous time step. (At shutdown, the average of
tanlet and outlet temperaturas is used for the first
value.) These calculations apply only to the
¢ollactars aad not the header pipes. The headers are
lumped {aco che pipe ruas to and from the collector
array, aad thei{r 1losses are detarmined with the
supply/recurn pipe losses.

Subroutine TROUGH

The parabolizc trough subroutiae Sirst calculates
lacident angle for a aorth-souch or east-west tTough
array. Direct {nsolation on the aperture is thea
caleniaced, correcting for TOW=Co=row shading
lossas. Pump  szatus i3 datermioed hv compariag
available radiation to an diaput ccitical {intensity.
% the radiacion is sufficienc, am iacident-angle
modifisr is calculated {rom {aput coefficiencs. Ths
ivarage tluid temperacture T i3 decarained as
I3ilows: the energy collecczad jser uait area is the
sroduct »f =2ificiency and irradlacion and ilso che
2raduct 3f 1ass flow rate, specific heat, and “luild
temperaciura cisa. Seccing these quantities equal, we
have

(T = Taas) - Uz tanb)' <«

Tadgl = Uy Tams ¢

SOLITH then uses  the quadracic farmula to sal
“is  2quactica  far T. Whea the average lu

t
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emperature {s xnown, ficlencr zaa %“e calculated
com the iaput coefficiznes. (Second-arder aquacisas
¢z used foc the "mxg‘rs-) The enarzy oollaczad
chen 1,.;\..., and outlat teapzrature is caleulaced Sus
as it Us for stacionary collacrors.

for stituations ia which the puap Ls off, tha
decayiag raceiver temperatura and associated anariy
loss are calculaced juse as for stationary
collectors. The axception I3 that an inpuc racelver
aass  is used, so that it does aot have to be
calculated from an 1laput time coastant. The
stagnation term {s not iancluded because parabolic
trough collectors would be defocused whea Zie oump is
off.

W rn n

oW

Subroutine PIPE

If the pump is operating, nipe outlet tamperature
is determined from inlet teamperature, ambiaent
temperature, and iaput iansulation, using che solutiaon
of a first-order ordinary di{ffarential equation (see
Fig. 2):

b} ol ¢ dT = D(T - T \
J.0.2: [C‘-, a [Sa1 (:. Lamps
B.C.: T = T,
<=0 ia
CrD
M, -
Soln. T = Tapp * (Tyn = Tapple ©» B (7)
Energy lost {s chen
Qoss = -\f‘:p('rou: Tya) - &)

To detarmine pavasitic power, the Revnolds number
is calenlated first to determine which flow regize is
present. The Colebroox  equation detarmines the
friction factsr when Zlow (g turbulent, and { is
caleculated as 54/Re whea Slow is laminar. for
transitional “flow, 2 simple 1lipear iaterpolation
hetween the two (s used. Values Z“oc tocal equivalent
pipe L/D, including Ffitzings and elbows, are usar
inpucts. daad is then determined as
4 = £(L/D)(v-/23). for simplicity, usar inpucs Sor
average collector and heat-exchanger pressure draos
ire added here, although cthey could also b5e ia
separate subroutines.

If the pump is off, the solution for temperature
decay is similar to that for the collectors:

1

A
LI
T = Tapp + (To = Tagple o . €))

The e, product iancludes bSoth the fluid and pipe
necal. (Insulacicn  heat capacity {3 asually
aeglectead.) The cool-down energy loss is then the

Ur0ax (T-Tiwm

« - Ix

0o

Fig. 2 Steady-State Pipe loss Znerzy 3alance



product of Mc_ and the average temperature change over
a time stap. lote that this can bYe negative for the
collactcrs zad pipe. If they have cooled down to
ambizng and the amblen: femparatur2 rises, thare will
b2 a1 heat 3zain.

Subroutine BX

The nheat-exchanger subroutine uses the flow ratas,
hot and cold inlet temperatures, and the input effec-
tiveness ¢ t7 compute the hot and cold outlet tempera-
tures using simple heat-exchanger effectiveness
equations (see Fig. 3). Thus, we have

c
nin
Te-qut ® Th-iq ~ ¢ G (Theta = Te-ta) (10

and

Cain

Th-out * Te-in + € T, (Thmin = Te-tn) » D

whera C refars to heat-capacitancz flow rate,
{.e.,ic,. Heat-exhanger thermal losses are coasidered
to e aegligible.

Subroutine LOADS

' Thz L0ADS subroutine supplies the load flow rate
aad raturn temperature at aach hour needed to perform
the loop energzy bhalances. Toad profiles and load
delivery control schemes are changed by changing the
coda in LOADS. 1In a typical setup, LOADS first checks
to see if a load exists for a given hour. If so, it
calculates the differance between the storage tank aand
load return temperatures to determine whether flow
should occur through storage. Several flags allow for
a dead band, so that a AT, /AT .. control scrategy can
he used. The LOADS subroutine also has a mix valve
capabilitvy that allows only a fraction of the . load
veturn fluid to pass chrough storage and then be aixed
with '“ypassed load. retura fluid to limit the load
supply ~emperature to a set wvalue.

Subroutine STORE

The basic storage subroutine assumes mixed storage
takes skin losses {nto account. Flow {into and out
stsrage occurs sath on the collactor side and the
oad side. If we call the inlet temperature oan the
ollaczor (hot) side Th' the load return (cold)
emperacture to che tank T,, and cthe naixed storage
smperacture T (same as rveturn to collectors and load
supply) (sea Fig. 4), we have

3
n

Elire I
"

ot (O f

-

. T . -
0.0.E.: ey A% = Mo (Ty - T) = fie (T - To)

dT
- UA(T - Tamb)
TR I
=0
Th- Cot Te-sute Ce :
e a— i ——————— e —— i ———— ES
£
Tu-aut. Cr Tzan Ce
—————— p—————————

F{g. 3 SOLIPH EBeac-Exchanger “odel
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ey

Mn. Cop Tn i aT o Meco T

Cy = mCo=r

. . 4
Qe = MnCo(T-Tn Qe = MeCoiT-Tu

v
Ts,
me,
M, Cor T et | e M. Ca. T
|
\4 Tame
Qioss = UA (T = Tamo)
Fig. 4 SOLIPH Storage Tank Heat Balance
Sthcg T Moo, + UA
Soln.: T =T, + (T, - Teple” e, =
(12)
whers

Yote that, ia the case of no flow on eicher side, the
solution reduces to the same form as chat for the
pipe.

I£ T, is <che storage tank taamperature at the
beginning of the tizme stap, subscitutiag in the time
step {ome hour) for t {a the above solution will zive
the tank temperature at the end of the time stsp. For
the energy balance to work, however, we must use the
average taak temperature duriag the time step t';
il.e., we must integrate the above solution aad divide
by the time step. Thus,

wt
= _ 1
T = ru T dt . (1%)
o
The solution is
kS
T4 - T Me - - !
) » Y -
T=T, - — s =2 \e Me -1/, (13
4 X N
: A L e
where X = M.c, + Mo, = UA. The energy lost from

storage is determined by facegratiag the product of UA
and the differance bhetween inscantaneous storage ctank
temperature and ambient tamperature. Thus,

e

Qoss = f Ca(T = Tagp) de (18)
o]

the solution of which is

Closs = Ua(Ta

ree

'"le should amphasiza
SOLI?Y zerals usaes
aquation »>r iategral
aneryy deliverad oo
scoduct of the load =ass L
dilfarance tetween load rsturm
sCHorage tamperature:

4
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Subroutine TCSTORE

The therzocline storage subroutine (TCSTORE) is a
siaple Z-node model chat works Hv stacking swo mixed
Jcorag: fank3, one 2a Zop of the other, and calling
STORE :rwize. The storage volume and UA are divided
25ually bYetwWeen the Cwo tanks. Znergy dellvered !s
e product of load flow rate, specific heat, and the
d{iference bYerween the fop tank temperature and the
load return temperature. Total energy loss is the sum
of the losses from each tank.

Subroutine BOILER

This subroutine models an unfired boiler. The
boiler is divided into a preheat sectioa and a boiling
section; total area is held constant. The temperature
of the saturated steam to bhe delivered is specified,
ag are 1inlet hot (collector) and <c¢old (load)
tenperacures and overall U value. Because thermal
rasistance oan the oil (hot) side is dominant in both
sectlons, using one U value for both {s a2 reasonable
approxination. 0{1 flow can be varied to yield a
constant steam flow (up to a specified limit), or a
constant hoc {low can yield a variable steam output.
Ticouts >f  zhe subroutine are hot-side outlet
T2aparature aad the unknown flow.

Tha algnritha solves four simultaneous
21uacioas. Two area heat-exchanger 2aquations (using
Q= Ua « LMID), one for the preheater, the other for
the  hoiler. The other two are enerzy balance
2quations, one across the preheater, the other for the
90ilsr (see Fig. 5).

Boilare:
(Ye

1 )
plo11(Th = Tg) = T—ij (19)

(Mep)oi1(Th = Ty) = Yyhey (20)

Preheatsar:

{fe5)611(Ty = Te) =

N - YU A - T 2
.Icp)ou(fi Te) = :‘.,.?‘,(Ts A B (22)

This gzives us four =aquatioas in four unknowns:
i TL’ .\1 or A,, and the unspecified flow. (We know
he rotal area, A, + AQ, hut do aot %now the break-
own.) Since the equations are nonlinear (two coantain

Lot v

‘\'Aqu. Co-onr T Mo, hg Ty 3
3
Sotler
U, Ay
Qil -~ Water
A i .
Siae T P Sice
Preneater
U, Az

-
Mo Sow Ta

Fig. 5 SOLIPY Unfired—3oiler “odel
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log tarms), we caanot solva them By Gaussian

aliaination. e oaust comdine them inco one 2quation
P Y2 A

{a R, defined as €50l g, £ obraln

r + A 2 { ’— ‘n T s
\.(Al \2) ~.Ac,p_silr... L ) h_.,
T - T - E —::i
a S \-P"’
h
-' T -T -=[=2%
a s R\C
" 1 oW
¢ In .
1 -R 1 hf
- - — __i -
T‘n Tw R{c * Ts Tw

2

(22)
Thus, we have one equation in one unknown, 2.
Subtracting U(AI + Az) from both sides, we have an
equatioa of the form f(R) = 0. SOLIPH solves for the
R root by the Nawton—-Raphson method. Tyvically, fewer
than five i{teratioans ara rvrequired. Onca R, and henca
the unkaown flow rate, 1is determined, tHe eaergy

delivared is calculated as

Oqel = My Lheg *oegu(Tg =~ T, {2%)

and the oil-return temperature as
Qel

Te = Ty - PO
\Hc‘_')lotl

. (25)
Sabroutine FLAST

This subroutine nodels a flash valve, flasa tank,
and feedwater make-up valve (see Fig. 5). All
enthalpies are calculated as the product of specific
heat and temperature, with the exception of saturated
stzam enthalpy n_, which s determined from a separate
steam~properties subroutine ().

Flash Valve. We assume that the pressure upstraaa
of the Ilash valve is maintained at 3 nsi zreater than
the saturation pressure (determined frnm :he s3team~
properties subroutine) in order to prevent soiling.
Saturation pressure depeands on the temperature it that
point. The AP across the flash valve i3, then, rthe
difference between that upstream prassure and the
saturation prassure of steam at che desirsd (iaput)
delivery temperature. Parasitic power is caleulated
using this AP. If the upstream Ctemperature {is
insufficient to supply steam at the desired
tamperature, the flash valve AP is arbitrarily sec at
5 psti.

Plash Tank. First, the flash tank temperature is
calculated as a {function of time, with the sane
algorithm as that used in the storage “tank
subroutine. Wa assume for this calculation that -o
steam is deliverad. 3ince the flash wvalve is z czoa-

Mha latyratag Steam

| '3 Loaq
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stant enthalpy device, this calculation 1{s performed

as 1f the upstream water were directly encaring the
flash tank. Thus,
iﬁc + UA
- RC e
T=T + (To - T e T , (28)
where .
Ype, Ty + VAT 0h
’L‘ B e e N (27)

thp + UA

and ﬁhch i{s determined upstream of the flash valve.
If the temperature T at the end of the time step is
less than the steam-delivery temperature, no steam is
delivered, and tank loss 1is calculated as it is in the
storage subroutine:

bloss = UA (Ta = Tamp) ¢

Me Tus
+UA 2 (Ty - Tl - 92 |, (29)

whera I = ﬁhcj + GA. 1z the Final zalculatad
t2mperatura exceeds the steam~delivery temperacura,
and the initial temperaturs was less than the stean
t2Tmperature, we must Jetermine how long It took %o
reach che delivery temperature, since heating above
this polat is not physically possible. To do this, we
veplace T with Ts:eam {n the tamperature equation and
solve for time, Syoi1- GZnergy loss during the heat-up
period can be determined by substituting tooil for c'
{2 the energy loss equation. For time stfap t', the
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the amount of steam delivered, tha
calculated from aa aneryy

To deteraine
steam quality aus:t bhe
halanca2:

Zathalpy in = steam eathalpy + racycled water eathalay
+ heat losses + tank 2nerzy increase,

fhy = thy = (1 = 2y + Do + Oqne 730)
Solving for quantity x,
hy -y - Qoss = Hac
® " : . (31
¥y - hy)
The tank energy lacrease term is just
Qine = Mcp('tc - TEaty (32)

Znergy delivered to the load i{s the difference Setween
enthalpy of delivered steam and enthalpy of the nake-
up water:
Qa1 = xth - rﬂh:aka_up . 33
Make—up 7alve. One more anerzy balance Ls aeaded
to decermine the ta2mperature of the water caturned 2o
the collectors. Referring to Fig. 6, we find

EZnergy to collectors = energy from the tank

+ energy of make-up water,

tize left after bolling is Clage = €' = Choyl® During Fha = (1 - =)y + xﬂhﬂAKE‘UP ’ i
tine Tlefs the tank loss (s simply or
Qs,108s * “ATgcaam ~ Tamb)tlefe - (29) hg = {1 - =x)hy + x"‘ruakez-'-.u:a . ‘15
322
Table 2 Comparisoa of SOLIPH Energy Outputs With Other
Cowputer Models Used ia SSEA Sample IPH Problem
Open-Loop Closed-Loop
Low~Teaperature digh~-Tanpera-
Computer Load ture Load
Yodel
THOR, ICTIN TACPT QLouT csouT couT osTeling
{MJI/2*) (GJ) (GJ) (GI) (GJ (G (G3)
January
DOE-2 345.0 441.9 413.0 171.0 164.0 96.9 73.0
TRNSYS (UW) 345.0 444.0 421.0 172.0 167.0 93.0 74.0
TRNSYS (ALTAS) 345.0 444.0 423.0 173.0 166.0 100.0 76.0
LASL 345.0 464.0 425.0 172.0 170.0 90.0 72.90
SOLIPH 344.6 343.4 426.4 172.9 166.8 98.4 77.4
Julv
DOE-2 376.0 652.0 590.0 241.0 2325.0 133.9 166.0
TRNSYS (UW) 375.9 545.0 584.0 241.0 235.0 179.0 163.0
TRNSYS (ALIAS) 375.0 543.0 £38.0 242.9 23%.0 184.0 167.90
LasSL 375.0 847.0 592.0 243.9 239.90 174.0 162.0
S0LI™ 874.7 544.,3 592.3 241.3 235.1 133.3 147.9
Tearly Toeal _
DOE=~-2 7625.9 5930.9  5408.0 2622 2472.0 1333.2 L53%.2
TRASIS (TW) 7625.0  /987.0 5396.0 2625.0 2485.0 .328.0 1352.0
TRNSYS (ALTAS) 7525.0  5987.) A431.0 2645.0 2432.9 2830.9 13538.0
LASL 7628.9 5980.9 5463.0 2532.9 2531.0 1752.9 1543.3
SOLIT™ 7626.7 £970.0 £492.0 2833.9 591.9 18583.0 1395.9
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The return temperature to the collectors

is, e collector tilt,
then, haic,.

e collaccor arza,

VERIFICATION OF SOLIPH e collactor Lacident—anglae amodifier,
Because 350LIPY was written to make thousaads of ¢ g3round reflectance,

runs to generate desiga tools, [t was ilmportant ¢£o ¢ collector loop flow rate,

check {ts accuracy. This was done using two .

aethods: a “polnt” comparison of a specific detailed » steady-state pipe losses,

model with other recognized computer models and a ® storage size,

parametric analysis <coampared with a racogunized 5

simplified method. Fortunately, an IPH system had ¢ storage skin losges,

already been modeled simultaneously with several other o load flow rata,

2odes. In mid-1979, a Systems Simulation and Ecoacmic )

Analysis Working Group sponsored by DOE modeled 1 ¢ storage tack ainimum discharze temperature,

sample problam IPH system with TRNSYS (two different o load profila, and

programmers), DOE-2, and a code written at Los Alamos :

Scientific Laboratory, which we will rafer to as * *0ad return temperature.

LASL. An attempt was also made to use the SOLTE

orogram, but the iuger was unable to obtain 200~

X282

satigfaccory rvesults la time. The example problem
consisted of a CPC solar collector array, a heat
2xchanger, and a thermocline storage tank (35).

To check SOLIPH's oarformance, one of the task
nemders modeled cthe sample jroblem with SOLIPH.
Approxinacely 10 hours alapsed from the time work 150
Yegan until good results were output. Much of this
time was spent incorporating a thermocline storage
tank and mix valve, which SOLIPH did not have at chat
time. Table 2 shows =onthly energy output results from
SOLIPH compared with energy values supplied by the
other programs. This comparison shows very good 100
agraement for both the low- and high-temperature load
cases.

Hourly plots of the storage tank tamperatures are
siven in Fig. 7. Comparisons between the codes of
2ner3y collactad and energy delivered oa an hourly

Q.

= | ! L L § ] 1l ]
basis are shown in Figs. 3 and 9. Ia all cases, the 30C 2 5 & 22 = 2 3 35 2 o
zodes are shown to agrae very well. 3¢ 3z < = _§, RS- g o 2 8

To test SOLIPH over a wide range of parameters, a
variation study was conducted against FCHART 4.0. Month
¥CAART 4.0 1is widely recognized and simple to rum. A
cotal of 20 annual runs of a simple flat-plate
collector  configuracion ware made with various
conmdinations of the following 14 paramecters:

?lg. 8 Eaergy Collection Comparison Between SOLIPY
and SSEA Results
{The shaded area represents :the range of 3324

e collsctor peak optical efficiemcy, results.)

e collactor UL value,
200

[V TTRITRY
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2 c
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e | S N N N B L ! )
2 . r : $3::32:F2%3: 3
=~ py =< 2 < s = z 320 2 ¢
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Fig. 7 Bottom Storage Tank Temperature vs. Time for ¥ig. 9 Znergzy Delivery Comparison of SOLIPY and SSZA
SOLIPY and SSEA Results Results
(The snaded area rapcesents the range »f $352a "Tha shaded araa raprasencs the raage of 33ZA
rasulzs.) =2sulzs.)



To permit a good comparison, all rtumns were nade
far  one clty, Albuquerque, and TCHART aonthly
iasolation values wera adjustad to agree wizh the TMY
Zap=2. Zaergy delivery wvalues Srom SOUIPH and FCHART
wzrzed €3 within 57 far 13 of zhe 20 ruas.  This
igraznent s consijered good, since FCHART is 1
monthly code, and {ts accuracy 135 expected to he in
the range of 53%X. Five of the runs, however, showed
differences of from 5% zo LlZ. In these runs, tem—
peratures were higher than 1in the other cases. To
determine the cause of these differences, we consulted
with the University of Wiscoansin Solar Laboratory,
which developed FCHART and TRNSYS, the detailed hour-
by-hour code from which FCHART was derived. Wisconsin
Solar Laboratory made several TRNSYS runs for direct
comparison with SOLIPH runs. TRNSYS and SOLIPH agree
ia each case to within 1-1/2%, but both exhibited
differences from FCHART. The hypothesis was that the
lower energy values from FCHART resultad because
FCIART algorithms are more conservative at higher
temperatures. In any case, the agreement between
SOLIPH and TRNSYS further supported the accuracy of
SOLIPY.

To check the accuracy of the SOLIPH TROUGH
subroutine, parabolic trough runs were comparesd with
Saadia~-Albugquersue trough pradictions. Again,
axcallent agreement was found. Thus, che hasic
noasteam components of SOLIPH have been verified.
However, the unfired=-boiler and flash-canic
subroutines, the wmost raceatly developed SOLIPH
capabilities, have not yet bheen verified. Indeed,
TRNSYS and FCHART do not have these capabilities.
Recent comparisons of SOLIPH models with operating IPH
field trtests, however, lend credibility to their
accuracy. -

THE USE OF SOLIPH

3ecause of 1its lack of user-oriented special
features, SOLIPH is relatively fast running. A year-
loag, hour-by-hour siamulatioa of a system that
inciudes a collector array, heat exchaager, storage,
aad associated piping takes about 10 CPU secoads of
2xecution time. This amouats to a total cost of about
$3.00 oa SERI's CDC 7500 computer.

Since :the original version of SOLIPY was completed
in  early 1981, IPH handbook task members have
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contributed a large number of {mprovemencs to the
rmodel. Iz is hoped that fuctura funding mizhc permi:z
3OLIPH's capabiliries o he axoloizad Sirsher, "o
generata cesults chat could Aot Se ohzaizned Seddre
sublicatisn of this randhook.
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